reported previously (Wei et al., 1980a ) that cussive brain injury, induced by fluid percussion ats, caused sustained relaxation of smooth muscle of cerebral arterioles, and discrete destructive lesions in the endothelium of these vessels. Despite the presence of endothelial injury, there was no evidence of platelet aggregation, either in vivo or in histological preparations. The combination of arteriolar dilation, endothelial injury, and absence of
reported previously (Wei et al., 1980a ) that cussive brain injury, induced by fluid percussion ats, caused sustained relaxation of smooth muscle of cerebral arterioles, and discrete destructive lesions in the endothelium of these vessels. Despite the presence of endothelial injury, there was no evidence of platelet aggregation, either in vivo or in histological preparations. The combination of arteriolar dilation, endothelial injury, and absence of platelet aggregation suggested the possibility that the endothelial injury caused release of a vasodilator substance that inhibits platelet aggregation. Prostaglandin I 2 inhibits platelet aggregation (Moncada et al., 1977) and relaxes cerebral arterioles (Ellis et al., 1979) . Furthermore, it is produced by the walls of blood vessels, including the large cerebral arteries (Hagen et al., 1979) and cerebral microvessels (unpublished observations), under normal circumstances, and its production is increased in the aortas of rats and rabbits after endothelial injury (Hornstra et al., 1978) . It appeared desirable, therefore, to test the hypothesis that prostaglandins might be mediators of the arteriolar injury associated with experimental brain injury. VOL. 48, No. 1, JANUARY 1981 -12 ± 1.4 -11 ± 1.1 104 ± 7.6 18 ± 0.6 AU values are mean ± SE from 20 small and 15 large arterioles in the control group and from 9 small and 8 large arterioles in the group pretreated with AHR-5850. * Significantly (P < 0.05) different from corresponding value in control group. t Significantly (P < 0.05) different from corresponding value before brain injury.
Methods
Experiments were carried out on cats weighing between 2.2 and 4 kg and anesthetized with sodium pentobarbital (30 mg/kg, iv). After tracheostomy, each cat was ventilated with a positive pressure respirator and received decamethonium bromide (0.4 mg/kg, iv) for skeletal muscle paralysis. The end-expiratory CO2 concentration was monitored with a Beckman infrared CO 2 analyzer and was maintained at a constant level corresponding to a Pco 2 approximately equal to 32 mm Hg throughout each experiment, by adjustment of the respiratory rate and volume. Arterial blood pressure was measured with a Statham P23Db pressure transducer connected to a cannula introduced into the aorta via the femoral artery. Arterial blood samples were collected periodically for the determination of Pao 2 , Paco 2 , pH, and hematocrit. Blood gases and pH were determined with Radiometer electrodes and hematocrit with a micromethod.
The microcirculation of the parietal cortex was viewed via an acutely implanted cranial window, as described in detail previously (Levasseur et al., 1975) . Arteriolar diameter was measured with a Vickers image-splitting device attached to a Leitz Ultropak microscope. Concussive brain injury was induced by a fluid-percussion device described in detail before (Wei et al., 1980a) . This device induces a transient pulse of increased intracranial pressure of variable amplitude and of fairly constant duration equal to 21-24 msec. The amplitude of the increased intracranial pressure was used as a measure of the intensity of the brain injury.
We carried out three series of experiments. The first two series were used to test the effect of inhibition of prostaglandin synthesis on the consequences of brain injury. In the first series of experiments, 10 cats were assigned randomly to a control or to an experimental group. The animals of the control goup received 0.9% NaCl solution, iv, whereas the animals of the experimental group were given AHR-5850 (sodium amfenac) 50 mg/kg, iv, 60 minutes prior to the induction of brain injury. This drug is an experimental, non-steroidal, anti-inflammatory agent.which inhibits prostaglandin synthesis in microsomal fractions from bovine seminal vesicles. It is available from the A.H. Robins Company. AHR-5850 was dissolved immediately prior to the experiment in 0.9% NaCl solution and given iv over a period of several minutes. We found previously (Wei et al., 1980b ) that this drug does not affect arterial blood pressure or pial arteriolar diameter. It inhibits prostaglandin synthesis in the pial arterioles and/or in the adjacent brain, as evidenced by the fact that, following its administration, the vasodilation from topical application on the brain surface of arachidonic acid is diminished markedly (Wei et al., 1980b) . After the administration of the vehicle or of AHR-5850, the resting caliber of several pial arterioles was determined and the responses of these vessels to arterial hypocapnia, induced by passive hyperventilation, were examined. Vessel caliber and the responses to hypocapnia were determined again 1 hour after the induction of brain injury of moderate intensity (2-3 atm). After the functional studies were completed, the animal's head was perfused at a pressure equal to its own mean arterial blood pressure, first with 0.9% NaCl solution, and then with a fixative consisting of 2% glutaraldehyde and 2.5% paraformaldehyde in 0.1 M phosphate buffer. When fixation was completed, the pia mater beneath the cranial window, together with the pial vessels, was removed according to a technique which permits the identification of the same vessels that had been studied previously from the functional standpoint . The pial arterioles were processed for electron microscopic examination. In this series of experiments, only transmission electron microscopy was used.
The second series of experiments was carried out in 15 cats. The animals were assigned randomly to one of three groups. Animals in a control group received, iv, sodium carbonate solution, the vehicle for indomethacin solution. A second group received indomethacin, 3 mg/kg, iv. Indomethacin stock solution was prepared immediately prior to the experiment by dissolving three parts indomethacin and one part sodium carbonate in distilled water. The pH of the solution during its preparation did not rise above 8.5. From this stock solution, indomethacin was dissolved in 10 ml of 0.9% NaCl solution, and administered by slow iv infusion 60 minutes prior to the induction of brain injury. We showed previously (Wei et al., 1980b ) that the administration of indomethacin in this dose markedly inhibited the vasodilation induced by topical application of arachidonic acid on the brain surface. The third group of animals received AHR-5850, 50 mg/ kg, iv, 60 minutes prior to the induction of brain injury. After resting arteriolar caliber and the responses to arterial hypocapnia had been determined, severe brain injury (>3 atm) was induced and the measurements were repeated 1 hour after the induction of brain injury. Subsequently, the animal's head was fixed by perfusion, as described above, and the same pial arterioles which had been studied from the functional standpoint were identified and processed for electron microscopy as described before . The vessels in this series of experiments were examined morphologically by both transmission and by scanning electron microscopy. The latter permitted quantitative estimation of the density of endothelial lesions. This was achieved by counting the number of lesions in five randomly selected microscopic fields, each measuring 2100 jum 2 . The average number of lesions per microscopic field was used as a measure of the density of the lesions.
A third group of 20 cats was used to examine the possibility that free oxygen radicals might be involved as mediators in the cerebral vascular damage from experimental brain injury. The animals were assigned randomly to one of four groups. In animals of the first group, which served as the control, the space under the cranial window was filled with fresh artificial cerebrospinal fluid (CSF) (Levasseur et al., 1975) without any additives, 60 minutes prior to brain injury. In the animals of the second group, the space under the cranial window was filled with a 2.4 mM solution of nitroblue tetrazolium in artificial CSF, 60 minutes prior to the induction of brain injury. This agent is a yellow dye which readily reacts with free radicals and becomes reduced to an insoluble form (Beauchamp and Fridovich, 1971 ). In the animals of the third group, the space under the cranial window was filled with a solution of 10 /ig/ml superoxide dismutase (Biotics Research Co., Houston, Texas) in artificial CSF. This enzyme catalytically scavenges the superoxide anion radical (Fridovich, 1975) . In the fourth group of cats, the space under the cranial window was filled with a 20 mM solution of mannitol in artificial CSF, 60 minutes before brain injury. Mannitol is a scavenger of the free hydroxyl radical (Neta and Dorfman, 1968) . Nitroblue tetrazolium and superoxide dismutase produced no change in arteriolar caliber, but mannitol produced slight (6-14%) vasodilation. After the resting arteriolar caliber and response to arterial hypocapnia had been determined, the animals were subjected to severe brain injury (>3 atm), and these VOL. 48, No. 1, JANUARY 1981 measurements were repeated 1 hour later. Subsequently, the brain was fixed by perfusion and the same vessels which had been studied from the functional standpoint were identified and processed as described previously for morphological examination by transmission and scanning electron microscopy.
In all three studies, the morphologist who carried out the electron microscopic examinations was unaware of the nature of the interventions to which the animals had been subjected. This blind technique allowed the elimination of all observer bias.
Statistical comparisons were carried out using ttests when two groups of data were compared, and when three or more groups were compared by analysis of variance followed by Dunnett's £-test for comparisons of several experimental groups to a single control group (Li, 1964) . The null hypothesis was rejected when P < 0.05. Table 1 summarizes the effects of brain injury of moderate intensity on cerebral arterioles in a control group and in the group treated with AHR-5850. In this series of experiments, as well as in the subsequent series, the responses of the small arterioles (<100 jim in diameter) were assessed separately from those of larger arterioles (>100 fim in diameter) because the responses of such vessels to brain injury differ quantitatively (Wei et al., 1980a) . The intensity of brain injury and the peak arterial blood pressure in the control and in the experimental group of animals did not differ significantly. The Values are mean ± SE from 11 small and 13 large arterioles in control group, 13 small and 16 large arterioles in AHR-5850 group, and 15 small and 13 large arterioles in indomethacin group. * Significantly (P < 0.05) different from corresponding value in control group. t Significantly (P < 0.05) different from corresponding value before brain injury.
Results
dilation of the small arterioles was significantly less pronounced in the AHR-5850-treated animals than in the control group. The dilation of the larger vessels was not significantly different in the two groups. The responses to hypocapnia were significantly reduced after brain injury in the control group, but remained unchanged from pre-injury levels for both small and large arterioles in the group of animals treated with AHR-5850. Transmission electron microscopy of the vessels from control cats showed the presence of the following endothelial lesions: large vacuoles, shallow defects in the luminal membrane corresponding to vacuoles which had ruptured into the lumen of the vessel, and endothelial necrosis. All 35 vessels from control cats had such abnormalities. Only 6 of 17 vessels examined from cats that had been pretreated with AHR-5850 had such endothelial lesions. Table 2 summarizes the results of the second series of experiments in which the effects of brain injury in animals treated with AHR-5850, or with indomethacin, and in untreated control animals were compared. The intensity of brain injury and the maximum arterial blood pressure following brain injury were comparable in all three groups of animals. The dilation of both small and large arterioles in the cats pretreated with AHR-5850 or with indomethacin was significantly less pronounced than in those of the control group. The inhibition of the vasodilation was more pronounced in the indomethacin-treated animals than in the AHR-5850-treated animals. The vasoconstrictor responses to hypocapnia were severely reduced following brain injury in the controls. These responses remained unchanged in both the AHR-5850-treated and indomethacin-treated animals. Scanning and transmission electron microscopy of vessels from control cats revealed discrete destructive endothelial lesions identical to those we described previously (Wei et al., 1980a) . On scanning electron microscopy, the endothelial lesions appeared either as craters or as dome-like protrusions into the lumen of the vessel. On transmission electron microscopy, the craters corresponded to shallow defects on the luminal surface of the endothelial cells, and the dome-like projections corresponded to large vacuoles. The density of endothelial lesions in the vessels from cats pretreated with indomethacin or AHR-5850 was significantly lower than in the control group for both small and large arterioles. Table 3 summarizes the results of the third series of experiments in which the effects of severe brain injury were compared in control animals, animals treated with superoxide dismutase, with nitroblue tetrazolium, or with mannitol. The intensity of brain injury and the peak mean arterial blood pressure following brain injury in all four groups were of comparable magnitude. Arteriolar dilation in both large and small vessels was significantly less pronounced in the animals treated with each of the free radical scavengers than in the controls. As in the previous experiments, severe brain injury in the animals of the control group completely eliminated the vasoconstrictor effect of arterial hypocapnia on cerebral arterioles. In the animals treated with any of the free radical scavengers, the responses to arterial hypocapnia after brain injury were not significantly different from the corresponding responses before injury. The density of endothelial lesions in the vessels from cats pretreated with each of the three free radical scavengers was significantly lower than in the vessels from control cats.
Discussion
The inhibition by indomethacin or AHR-5850 of the cerebral arteriolar abnormalities associated with experimental brain injury is best explained by the inhibitory effect of these drugs on prostaglandin synthesis. In earlier experiments, we found that indomethacin and AHR-5850 did not alter the responsiveness of cerebral arterioles to arterial hypercapnia, arterial hypocapnia, and arterial hypoxia (Wei et al., 1980b) . In the present experiments, the response of the cerebral arterioles to arterial hypocapnia after brain injury was not changed in the animals pretreated with indomethacin or AHR-5850. These results show that the effect of cyclooxygenase inhibitors on the pial arteriolar responses to brain injury is not likely to be the result of generalized, non-specific alteration of vascular responsiveness to all agents.
In addition to its inhibitory effect on cyclooxygenase, indomethacin also inhibits several other enzymatic reactions. It recently was demonstrated All values are mean ± SE from 11 small and 12 large arterioles in control group, from 16 small and 16 large arterioles in superoxide dismutase group, from 16 small and 17 large arterioles in nitroblue tetrazolium group, and from 10 small and 10 large arterioles in mannitol group. * Significantly (P < 0.05) different from corresponding value in control group. f Significantly (P < 0.05) different from corresponding value before brain injury.
that indomethacin inhibits phospholipase A2 in polymorphonuclear leucocytes (Kaplan et al., 1978) and, therefore, may interfere not only with the synthesis of prostaglandins but also with other pathways of metabolism of arachidonic acid. Indomethacin, as well as other anti-inflammatory agents, inhibits the peroxidation of 12-hydroperoxy to 12-hydroxy-arachidonic acid, and thereby interferes with the lipoxygenase pathway (Siegel et al., 1979) . Also, indomethacin inhibits cyclic AMP-dependent protein kinase in intestinal mucosa (Kantor and Hampton, 1978) . It recently was shown that cyclic AMP-dependent protein kinase in smooth muscle may interfere with the activation of myosin (Conti and Adelstein, 1980) . Therefore, the inhibition of cyclic AMP-dependent protein kinase by indomethacin, if it occurs in vascular smooth muscle, might be expected to enhance the effectiveness of vasoconstrictor influences. It is conceivable that these effects of indomethacin may be important for its inhibition of the vascular consequences of brain injury. Nothing is known about the effect of AHR-5850 on these enzymatic reactions which are inhibited by indomethacin. Strong support for the view that the action of indomethacin and AHR-5850 are dependent on their inhibition of prostaglandin synthesis is the demonstration that stimulation of prostaglandin synthesis by topical application of arachidonic acid on the brain surface or topical application of exogenous PGG2 reproduce the morphological and functional abnormalities seen in cerebral arterioles following brain injury . The present experiments support the view that the immediate cause of cerebral vascular damage after experimental brain injury is the generation of free oxygen radicals associated with the synthesis of prostaglandins. The conversion of PGG2 to PGH 2 liberates a free oxygen radical (Egan et al., 1976) . The exact nature of the radical is not known. There is evidence that superoxide anion radical, hydrogen peroxide, singlet oxygen, and the hydroxyl free radical may be involved (Egan et al., 1976; Marnett et al., 1975; Panganamala et al., 1974a Panganamala et al., , 1974b Panganamala et al., , 1976 . It is well-known that free radicals are very injurious to tissue. For example, complement-stimulated granulocytes cause endothelial damage via generation of free oxygen radicals (Sacks et al., 1978) , hydroxyl free radicals cause peroxidation of lysosomal membranes (Fong et al., 1973) , singlet oxygen (Goda et al., 1973) causes peroxidation of adrenal gland mitochondrial membranes, and enzymatically generated superoxide anion radical lyses red cell membranes (Kellogg and Fridovich, 1977) . Cell membranes are particularly vulnerable to the action of free radicals because of their high content of phospholipid-containing unsaturated fatty acids (Demopoulos et al., 1979) . The generation of free radicals in such an environment may cause extensive damage by producing lipid peroxidation in chain reactions, in the course of which the lipid peroxides produce new free radicals. Under these conditions, extensive cellular damage may result.
Earlier evidence (Wei et al., 1980a) showed that fluid-percussion brain injury causes cerebral arteriolar damage by initiating an acute, transient rise in arterial blood pressure. This rise in arterial blood pressure presumably is the immediate cause of increased prostaglandin synthesis. The mechanisms by which increased arterial blood pressure can cause increased prostaglandin synthesis are unknown. Reasonable but speculative possibilities include the entry of blood constituents into the vessel wall as a result of increased permeability or as a result of increased driving force for diffusion. Increased entry of Ca 2+ into platelets, induced by an ionophore, causes increased prostaglandin synthesis and leads to platelet aggregation (Rittenhouse-Simmons and Keykin, 1977 ). An alternative mechanism may involve a conformational change in cell membranes due to the increased vessel wall tension during hypertension, resulting in activation of prostaglandin synthesis.
